n BACKGROUND AND OBJECTIVE: To evaluate reproducibility and intergrader agreement of total retinal blood flow (TRBF) measurements obtained by semi-automated grading of Doppler Fourier-domain optical coherence tomography (FD-OCT) scans.
n BACKGROUND AND OBJECTIVE: To evaluate reproducibility and intergrader agreement of total retinal blood flow (TRBF) measurements obtained by semi-automated grading of Doppler Fourier-domain optical coherence tomography (FD-OCT) scans.
n PATIENTS AND METHODS: Doppler FD-OCT scans were obtained from 20 eyes of 18 subjects (10 glaucomatous, 10 normal). Scans were obtained using a circumpapillary scan protocol and analyzed using the Doppler OCT of Retinal Circulation software (version 2). Two masked, independent human graders manually refined the scans, adding or deleting vessels, changing vessel boundaries, and classifying vessels as veins or arteries. TRBF was calculated automatically by software summing flow in all veins. Agreement between various vessel parameters and TRBF values generated by the graders was analyzed.
n RESULTS: Mean difference and mean absolute difference (± standard deviation, range) for TRBF were -0.55 (± 5.37, -8.53 to 13.6) and 3.84 (± 3.70, 0 to 13.6) µL/min, respectively, with an intraclass correlation (ICC) of 0.933 and limits of agreement (95% confidence interval [CI]) of -11.1 to +10.0. Venous area measurements showed similar levels of agreement with mean difference and mean absolute difference (± standard deviation, range) of -2.91 (± 4.29, -10.95 to 6.43) and 3.59 (± 3.70, 0 to 10.9) mm 2 with an ICC of 0.933 and limits of agreement (95% CI) were -11.3 and +05.5. The agreement for vessel identification between graders was almost perfect with a weighted kappa of 0.86.
n CONCLUSION: Reproducible measurements of TRBF can be obtained from Doppler OCT data using semi-automated software with manual refinement. These findings should be of value in future studies evaluating retinal blood flow in various diseases. 
Reproducibility of Retinal Blood Flow
Measurements Derived From Semi-Automated Doppler OCT Analysis
INTRODUCTION

Optical coherence tomography (OCT)
1 is commonly used to evaluate various retinal diseases, 2 such as vitreomacular interface disorders, 3 retinal vascular diseases, 4, 5 age-related macular degeneration, choroidal neovascularization, 6 and glaucoma. 7, 8 These diseases constitute the major causes of blindness in the United States and in other developed nations. 9 Despite its many attributes and advantages, OCT has still not been considered a useful tool among ophthalmic imaging techniques, such as fluorescein angiography, for assessing retinal blood flow. However, retinal blood flow information can potentially be extracted from Doppler signals present within the OCT data. This technique of Doppler OCT imaging has been used to calculate blood flow in retinal vascular diseases, such as diabetic retinopathy, in which retinal blood flow was shown to be reduced in patients with diabetes mellitus compared to normal subjects. 10 Although blood flow variations are well recognized in retinal venous occlusive diseases, glaucoma, and other vascular and perfusion disorders of the optic nerve head, they have not been quantitatively well demonstrated. [11] [12] [13] [14] Previous research suggests that quantitative volumetric measurement of total retinal blood flow (TRBF) in the eye may provide new insights into the pathogenesis of retinal disease. 10, 12, 14, 15 Different approaches to studying retinal blood flow have been suggested. One potential approach is to collect the Doppler flow signal from Fourier-domain OCT (FD-OCT) images, as demonstrated by Wehbe et al. 16 and Wang et al. 17 Accurate quantification of blood flow for use in research investigations has been previously demonstrated by successful calculation of TRBF with a semi-automated process, in which candidate vessels are identified by computer algorithms and the results are manually refined by human experts. 10, [17] [18] [19] The reproducibility of this approach is of critical importance for future research in this area, particularly for assessing the significance of changes in blood flow in longitudinal studies; however, such reproducibility has yet to be established.
We report the intergrader reproducibility of a variety of Doppler blood flow measurements, including TRBF, superior hemisphere flow, inferior hemisphere flow, venous area, and venous velocity.
PATIENTS AND METHODS
Patients who presented to the Doheny Eye Institute for ophthalmic examination were recruited for a prospective study of Doppler OCT retinal blood flow analysis in normal and glaucomatous eyes. To be included in the study, patients had to be willing to have at least one eye scanned and had to have ocular media sufficiently clear to permit OCT imaging. For this reproducibility study, 20 eyes (10 eyes with a diagnosis of glaucoma and 10 normal eyes) from 18 consecutive subjects were randomly selected from the University of Southern California Advanced Imaging for Glaucoma Study (AIGS) dataset [www.aigstudy.net]. The diagnostic criteria for normal and glaucomatous eyes have been described in a previous publication. 8 The research protocols were approved by the Institutional Review Board of the University of Southern California and adhered to the tenets set forth in the Declaration of Helsinki.
Doppler Scan Acquisitions
Doppler scans were obtained with the RTVue FD-OCT (Optovue Inc., Fremont, CA) using the previously published dual circular scan protocol. 18 The scan pattern consisted of two concentric circles (inner and outer ring diameters are 3.4 and 3.75 mm, respectively) around the optic nerve head, transecting all large retinal vessels (arteries and veins) near the optic nerve head in two locations. During a single scan acquisition sequence, a total of six dual circular scan frames were obtained and averaged for each ring. To ensure that high quality scans were available for grading, the acquisition sequence was repeated five to six times, thus yielding 30 to 36 frames for each ring for subsequent analysis. The Doppler shift in the vessel and the Doppler angle of the vessel were used to compute flow. The Doppler angle was estimated by vessel center depth difference between the two rings of a scan. The TRBF was calculated by adding flows from all branch veins at one time point.
18
Preparing the Data and Manual Grading
Doppler scans and three-dimensional disk scan from the RTVue SD-OCT instrument were exported as raw data using the RTVue Doppler transfer output software. The data were then converted to the Doppler OCT of Retinal Circulation (DOCTORC) Grading
Software compatible data format using ReVue software (Optovue Inc.), and then loaded into the DOCTORC software for initial automated assessment and identification of candidate vessel locations and vessel boundaries. After the initial automatic processing and candidate vessel identification, Doppler scans were registered with the OCT projection image, infrared scanning laser ophthalmoscopy image, and a color disc fundus photograph. This process allows the grader to correlate candidate vessels seen on the Doppler OCT B-scans with vessels visible on the en face images and facilitates classification of vessels as arteries and veins (Fig.  1 ). Scans were manually reviewed by certified Doppler OCT reading center graders to verify and refine the blood vessel position and to check the accuracy of vessel classification type (artery vs vein). The grading procedure included adjusting vessel locations and vessel size, matching corresponding vessels on the two rings, adding any missing vessels, deleting extraneous vessels, and verifying the vessel type classification. Graders used a variety of clues to identify vessel positions on B-scans, including characteristic hyperreflectivity and posterior shadowing on OCT, and the position of vessels on ancillary images, such as the registered OCT projection images, color images, and infrared image. Figure 1A shows the DOCTORC software version 2 display of an OCT projection image of the fundus used to facilitate identification of blood vessel location. Figure 2 shows a cross-sectional image of the vessel on the OCT B-scan.
Two independent trained graders (RK & OT) completed manual grading by verifying the softwaredetected blood vessel position and its area, changing or adjusting its borders if necessary, and adding or deleting the vessel as needed as described above. The DOCTORC software graphical user interface allows the user to adjust the position of the vessel center and the width or largest horizontal diameter of the vessel. After the vessel position and its area were adjusted in both the outer and inner rings corresponding to that particular vessel, a confidence score was assigned by the grader to each vessel on every scan to reflect the grader's certainty regarding the accuracy of the vessel grading. Confidence scores ranged from 0 to 5 and were influenced by several factors, including Doppler signal strength of the vessel, clarity of the vessel boundary, and vessel size agreement between the two concentric scan rings.
This subjective confidence score, together with the calculated Doppler angle and the variance of Doppler angle, served as the key criteria in an automated quality check that transformed each parameter into a probability and then combined all parameters into a single probability metric using Bayesian rules. This quality check was used to determine whether the flow result of a particular vessel could be considered valid and could In cases where a retinal vessel did not pass the validity check, the flow in this vessel was estimated from its vessel area using the mean flow speed of all valid veins (ie, flow was effectively interpolated across these invalid vessels). Total retinal blood flow was computed by summing the calculated flow of valid veins and the estimated flow of invalid veins. For a particular eye, if the percentage of area of valid veins was less than a threshold (currently 50% of total vein area), then the result from that eye was considered unreliable. Although this interpolation method has the potential to underestimate or overestimate flow in certain cases, it is not relevant to the current study. However, because the focus of this study was to assess intergrader reproducibility and not the validity of the interpolation method, all eyes were used for reproducibility statistic calculations and for comparison of intergrader differences. To determine whether vessel identification and grading reproducibility were affected by the size of the vessels, all graded vessels were divided into two groups (smaller vs larger) based on the vessel cross-sectional area. The level of intergrader agreement in vessel identification (artery versus vein) for larger (> 5,000 µm 2 ) and smaller (< 5,000 µm 2 ) vessels was evaluated.
Statistical Analysis
The TRBF, venous area, superior hemispheric blood flow, inferior hemispheric blood flow, venous velocity, Doppler shift, and Doppler angle measurements for the two graders were analyzed. Intraclass correlation coefficients (ICCs) were used to look for the intergrader reproducibility (an ICC approaching 1 is considered good and indicates better reproducibility). Bland-Altman plots were generated to illustrate the 
RESULTS
Randomly selected Doppler OCT scan acquisitions from 20 eyes of 18 participants were included in this analysis. The mean age of the study group was 60.7 years (range: 45 to 79 years). Fourteen of the 20 eyes were left eyes, and 15 eyes were from female participants. Ten eyes were clinically diagnosed as glaucomatous; the remaining 10 eyes were classified as normal.
The mean TRBF for all participants was 38.49 µL/ min for grader 1 and 39.04 µL/min for grader 2. The mean absolute difference in TRBF for the participants in this series was 3.84 ± 3.70 µL/min (range: 0 to 13.6 µL/min), and there was no statistically significant difference between the two graders for TRBF (P = .872 and ICC of 0.933 [95% CI: 0.831 to 0.974]). Figure  3A shows the Bland-Altman plot for TRBF with limits of agreement. Venous area measurements showed similar levels of agreement with a mean venous area for all participants of 47.27 and 50.18 mm 2 , for graders 1 and 2, respectively. The mean absolute difference in mean venous area between graders was 3.59 ± 3.70 mm 2 (range: 0 to 10.9 mm 2 ). There was no statistically significant difference between the two graders for venous area (P = .288 and ICC of 0.933 [95% CI: 0.83 to 0.973]). Figure 3B shows the Bland-Altman plot for venous area with limits of agreement. There was an almost perfect agreement on identification and classification of vessels between the two graders with a k w of 0.86 (k w for large and small vessels was 0.910 and 0.783, respectively). ICC (95% CI) values for all parameters are summarized in the table.
DISCUSSION
In this study, we observed that manual correction of automated retinal blood vessel detections using the 
DOCTORC software could yield reproducible calculation of retinal blood flow in normal and glaucomatous eyes. Although the TRBF and venous area measurements showed excellent reproducibility, some differences in blood vessel parameters were still observed, particularly for small vessels. However, these differences did not translate into a significant difference in TRBF. This is likely because, although only substantial agreement was observed for identification and grading of small vessels, agreement for large vessels was almost perfect. Because large vessels contribute to the bulk of the blood flow, errors in grading of small vessels are clinically less significant. 18 In addition, our strategy to use estimated blood flow for vessels with invalid results also likely contributed to the excellent reproducibility between graders.
In addition to vessel size, another important factor in grading reproducibility appears to be Doppler angle. The calculated Doppler angle is based on identification of the axial position of each vessel within each of the two circular B-scans. Previous studies have confirmed the critical importance of the Doppler angle measurement for calculation of total retinal blood flow using this approach. 19 We have observed that reproducibility of Doppler angle determination between graders in our study was good (ICC of 0.958). An earlier study 20 had also shown that high-quality scans optimize the Doppler signal and facilitate easier identification of the vessel boundaries. Hence, we evaluated intergrader correlation of Doppler signal in our study and found it to be highly reproducible (ICC of 0.977), thus allowing more reproducible vessel identification. Eccentric positioning of the scanning beam within the pupil appears to be a useful method for maximizing the Doppler angle, and hence the Doppler signal, among the vessels. 20 Although several techniques in addition to those described in this study are being used to evaluate retinal blood flow, all of these techniques have limitations. For instance, ultrasound color Doppler imaging only has sufficient resolution to measure the larger retrobulbar vessels. 21 It can measure blood velocity but cannot measure vessel diameter, so volumetric blood flow cannot be determined. Several types of laser Doppler techniques can be used to measure flow in individual retinal vessels 22, 23 or capillary beds. 24 Although TRBF can be determined by adding measurements from individual vessels, doing so requires acquiring many measurements over a long session. 25 Such specialized instruments are expensive and are generally available only in major research centers. Fluorescein and indocyanine green angiographies are widely used to visualize retinal and choroidal circulations, but these do not provide quantitative measurements of blood flow and they require the intravenous injection of dyes that have potential side effects. 26 A semi-automated grading strategy using the DOCTORC software was able to achieve reasonably reproducible measurements of total retinal blood flow from Doppler SD-OCT data. Refinement of acquisition protocols to maximize the Doppler signal with an optimal Doppler angle and development of fully automated OCT vessel detection algorithms will be critical for widespread application of Doppler OCT techniques. Retinal blood flow measurements, however, 
